We studied adult survival and population growth at multiple maternity colonies of big brown bats (Eptesicus fuscus) in Fort Collins, Colorado. We investigated hypotheses about survival using information-theoretic methods and mark-recapture analyses based on passive detection of adult females tagged with passive integrated transponders. We constructed a 3-stage life-history matrix model to estimate population growth rate (l) and assessed the relative importance of adult survival and other life-history parameters to population growth through elasticity and sensitivity analysis. Annual adult survival at 5 maternity colonies monitored from 2001 to 2005 was estimated at 0.79 (95% confidence interval [95% CI] 5 0.77-0.82). Adult survival varied by year and roost, with low survival during an extreme drought year, a finding with negative implications for bat populations because of the likelihood of increasing drought in western North America due to global climate change. Adult survival during winter was higher than in summer, and mean life expectancies calculated from survival estimates were lower than maximum longevity records. We modeled adult survival with recruitment parameter estimates from the same population. The study population was growing (l 5 1.096; 95% CI 5 1.057-1.135). Adult survival was the most important demographic parameter for population growth. Growth clearly had the highest elasticity to adult survival, followed by juvenile survival and adult fecundity (approximately equivalent in rank). Elasticity was lowest for fecundity of yearlings. The relative importances of the various life-history parameters for population growth rate are similar to those of large mammals.
Although bats are highly diverse, widely distributed, and of conservation concern, testing hypotheses about their population dynamics using modern approaches for estimation of lifehistory parameters has been done only for a few populations (Frick et al. 2007 (Frick et al. , 2010 O'Shea et al. 2010; Schorcht et al. 2009 ). Even fewer studies have attempted to integrate and model resulting estimates to understand implications of variability in life-history parameters for bat population growth or decline (Frick et al. 2007; Pryde et al. 2005 Pryde et al. , 2006 . Such studies are important for understanding bat life-history strategies and demography and will be in demand in the future to inform aspects of the applied biology of bats, such as conservation, management, and disease dynamics.
Given this need, we had several objectives for our study of adult survival and population growth in big brown bats (Eptesicus fuscus). These involved testing hypotheses about variability of adult survival by year and roost, and the implications of reproduction by 1-year-old bats for their subsequent survival as adults; testing the hypothesis that adult survival is higher during winter than during summer, and calculating average life expectancy based on estimated survival for comparison with maximum longevity (an important distinction often lacking in the literature on bat life histories); using estimated survival in conjunction with recruitment parameters to estimate population growth rates and to determine the relative importance of adult survival in comparison with fecundity and juvenile survival; and comparing adult survival, population growth, and other lifehistory parameters with the same traits in other species of bats and with other groups of mammals, with emphasis on similarities and differences in population dynamics between bats and large mammals. w w w . m a m m a l o g y . o r g First, we sought to test hypotheses that adult survival would vary by maternity roost and by year. Roosts can differ in multiple complex factors with implications for survival (such as access by predators, distances to foraging areas, and microclimates). Variability in survival of adult bats among roosts is poorly known-most studies of survival have sampled at 1 or 2 roosts (O'Shea et al. 2004 )-but is also of importance for determining scope of inference in interpretation of results or in planning research. Year was hypothesized to be important because our study area was subject to an extreme regional drought during summer of 1 year (Breshears et al. 2005; Pielke et al. 2005) . Warm-season droughts can have negative impacts on insect populations (Frampton et al. 2000; Frick et al. 2010 ) and thereby affect reproduction and survival of insectivorous bats (Frick et al. 2007 (Frick et al. , 2010 O'Shea et al. 2011) . The importance of testing for effects of drought years on bat population dynamics has wide implications for many species and populations of bats in much of western North America, where global climate change models predict increasing aridity (Barnett et al. 2008; Seager et al. 2007) . A contemporaneous study of recruitment in our study population showed that 1st-year survival of juveniles varied by roost and year, and was lowest during a year of extreme drought, but that breeding probabilities were not impacted (O'Shea et al. 2010) . We sought to determine if drought also acted on demography of big brown bats through variability in adult survival among years. Results of the recruitment study also showed that some females do not breed in their 1st year of life. We therefore tested the hypothesis that these females might have increased their future survival by forgoing breeding at 1 year of age.
We also analyzed adult survival in this specific population to test 2 common generalizations about life histories of temperate zone insectivorous bats. The 1st of these is the commonly held perception that winter could be the primary period of mortality in the annual cycle (Frick et al. 2007; Gerell and Lundberg 1990) . However, very few modern analyses have partitioned adult survival of temperate zone bats by season, and these have not found lower survival of adults in winter (Papadatou et al. 2009; Sendor and Simon 2003) . Overwinter mortality probably acts most strongly on 1st-year survival of juveniles that cannot store sufficient nutritional reserves to carry them through winter and early spring (especially juveniles born later in the summer- Frick et al. 2010) . We predicted winter mortality to be less important in adults (Ransome 1995) unless they are forced to use unsuitable hibernacula (Richter et al. 1993 ). Instead we hypothesized that warm-season survival would be lower than winter survival in our study population of adult big brown bats. We predicted this because a greater number and intensity of mortality factors are likely to operate on temperate zone insectivorous bats in nonwinter months, including accidents and predation (Humphrey and Cope 1976; Speakman 1991) , inclement weather (Humphrey and Cope 1976; Zimmerman 1937) , and viral diseases that go dormant during hibernation (e.g., rabies-Sadler and Enright 1959; Sulkin et al. 1960 ).
The 2nd generalization we scrutinized is what may be an overemphasis on maximum longevity in comparative discussions of bat life histories. Individual cases of temperate zone insectivorous bats that live to remarkable ages are well documented; in several species marked individuals survived 20-30 years in the field, to a maximum of 41 years (Podlutsky et al. 2005; Wilkinson and South 2002) . However, such extremes might not exert a major influence on demographic processes. Population ecologists caution against applying maximum longevities in a demographic context and instead consider application of survival estimates as a much more appropriate comparative life-history parameter (Krementz et al. 1989) . We therefore calculated mean life spans or expectations of life (Cormack 1964; Seber 1982 ) from adult survival data for big brown bats to estimate the more typical longevities expected to operate in bat demography.
Our final objective was to develop a stage-based life-history model of population growth using the adult survival estimates coupled with data on recruitment from the same population (O'Shea et al. 2010) . We aimed to use the model to determine the elasticity and sensitivity of population growth to variability in the life-history input parameters (elasticity is the proportional change in population growth in relation to change in the parameter of interest, whereas sensitivity is absolute change-de Kroon et al. 2000) and to compare results with those from studies of other mammals. A few studies have estimated population growth rates in small insectivorous bats over the last 2 decades (Boyd and Stebbings 1989; Frick et al. 2007; Pryde et al. 2005 Pryde et al. , 2006 Schaub et al. 2007 ), but none has presented results of formal analyses of both sensitivity and elasticity. Several authors have suggested that the demography of bat populations is more similar to that of large mammals than small mammals (Boyd and Stebbings 1989; Frick et al. 2010) , particularly in that adult survival might be the most important parameter for population growth (Schorcht et al. 2009 ). However, as indicated by Schorcht et al. (2009) , additional quantitative analyses are needed to compare variation of adult survival in bats with that in large mammals.
MATERIALS AND METHODS
Study area and marking and monitoring bats.-We studied big brown bats that roost in buildings in Fort Collins, Colorado, elevation 1,525 m, from 2001 to 2005. Each year differed in potentially important environmental events, the most important of which was severe drought in 2002 (details in O'Shea et al. 2010 . Descriptions of the study area and methods of capturing, marking, and monitoring bats are available elsewhere, and are summarized below. Big brown bats roost in buildings in Fort Collins during the summer, migrating to higher elevations in the mountains to hibernate in rock crevices in autumn (Neubaum et al. 2006 . The population is dominated by adult females and young at maternity colonies; adult males are more common at higher elevations in the adjacent Rocky Mountains (Neubaum et al. 2006) . We located maternity colonies by radiotracking bats captured over water in summer and through local knowledge. We sampled bats at roosts chosen based on logistic and access considerations. We captured bats as they emerged from maternity roosts at dusk using mist nets, harp traps, funnel traps, and handheld nets. Bats were transported to the laboratory, tagged, and released at the roost on the same night. We assessed age (volant juvenile or adult) based on criteria in Anthony (1988) and tagged bats individually by subdermal insertion of passive integrated transponder (PIT) tags (AVID, Norco, California), as described by Wimsatt et al. (2005) . Bats were grouped as 1-year-olds based on prior tagging as volant juveniles.
We deployed hoop-style PIT tag readers over the openings of roosts to monitor entrance and exit dates and times of tagged bats automatically (Ellison et al. 2007; O'Shea et al. 2004; Wimsatt et al. 2005) . This allowed us to examine records for evidence of returns of bats each year as ''captures'' (encounters) for estimation of survival. Although bats at some roosts could use additional openings that lacked PIT tag readers, only 1 detection per summer was necessary for annual and 1 per week for seasonal survival estimation. High roost fidelity by the bats and the resultant high encounter probabilities derived from this technique demonstrate its efficiency compared to banding and recapture by hand (Ellison et al. 2007 ). Multiple roosts (n 5 9) were sampled to assess the range of variability in survival. We monitored with PIT tag readers for 5 years at 5 roosts, 4 years at 3 additional roosts, and 3 years at 1 other roost. Capture, marking, and sampling conformed to guidelines of the American Society of Mammalogists (Gannon et al. 2007) and were approved by the Institutional Animal Care and Use Committees of Colorado State University and the United States Geological Survey. No long-term effects of radiotracking on condition, reproduction, or survival (Neubaum et al. 2005) , or effects of aspects of ancillary sampling on survival, were discernable (Ellison et al. 2006; Wimsatt et al. 2005) .
Survival estimation and analysis.-We used program MARK (White and Burnham 1999) to estimate apparent survival and encounter probabilities using extensions of the Cormack-Jolly-Seber open-population capture-recapture model (Cormack 1964; Jolly 1965; Lebreton et al. 1992) . Assumptions of the model in relation to population studies of bats are listed by O'Shea et al. (2004) . Apparent survival (w) is the probability that an animal is alive, remains on the study area, and is available for recapture (mortality cannot be distinguished from permanent emigration-White and Burnham 1999). Encounter probability (p) is the conditional probability that a marked animal will be encountered over a specified time interval given that it is alive and in the study population (Cormack 1964; Williams et al. 2002) .
Encounter histories (equivalent to capture histories) were created for each adult female that included a listing of each individual bat, coded for each time period as either 1 (encountered) or 0 (not encountered). We modeled data sets as live recaptures, where bats are only reencountered when detected on succeeding occasions by PIT tag readers. We created 2 types of encounter history files based on 2 different time intervals, 1 for annual survival and 1 for seasonal survival. For investigating annual survival, a bat had to be detected only once per summer by a PIT tag reader. We created 3 annual survival files: encounters for each summer for 5 years (2001) (2002) (2003) (2004) (2005) at 5 roosts (a minimum of 5 consecutive years of sampling are necessary to calculate survival for the first 3 annual periods); encounters at 3 other roosts during 4 years (2002) (2003) (2004) (2005) ; and encounters during 3 years at a 9th roost.
We defined weekly apparent survival (w wk ) as the probability that an animal is alive, remains in the study area, and is available for recapture during a weekly (7-day) time period (a tagged bat needed to be detected on at least 1 day to be scored as an encounter for that week). Records at 4 roosts (groups) were used in the seasonal survival file (the 5th roost used in the annual estimates, LAH, had insufficient sample sizes for weekly estimates). Estimates of summer weekly survival (ŵ wk ) are based on 10 weekly encounters. Intervals between summer weekly encounter periods were set to 1 in MARK. To estimate winter ŵ wk the last PIT tag reader encounter in August until the 1st encounter in the subsequent summer was considered winter (PIT tag readers were inoperative during autumn-early spring when bats were hibernating off the study area- Neubaum et al. 2006) . The interval for this winter period was set to 42 (for the 43 weeks of winter) in MARK.
We developed a set of a priori candidate models to address hypotheses about factors affecting adult annual and seasonal survival. Models for annual apparent survival (w) and capture probability (p) included constant survival (.), yearly variation (yr), and a group effect for roost (roost). Models for w included main effects, additive effects (i.e., roost + yr), and interactive effects (i.e., roost * yr). Models for p included main effects and interactive effects of year and roost. We developed a total of 16 candidate models (Appendix I). The fit of these competing models was assessed using the informationtheoretic approach (Burnham and Anderson 2002) . We estimated overdispersion using median ĉ in program MARK, and we selected the most-parsimonious models using a combination of Akaike's information criterion corrected for overdispersed data and small sample sizes (QAIC c ), DQAIC c , and QAIC c weights (w i ; likelihood that the ith model is the best approximating model among candidate models), and evidence ratios (the ratio of model weights for the top model and the next highest ranking model). Models with DQAIC c 2 were not considered competitive with the highest ranked model (Burnham and Anderson 2002) . We used modelaveraging techniques to calculate the real estimates of w and p.
Model averaging computes the average of a parameter from all models in the model set and incorporates model selection uncertainty in the estimate of precision of the parameter. Model averaging produces unconditional estimates of variances and standard errors (Burnham and Anderson 2002) . We calculated an overall population-wide estimate for adult w and p by constraining these parameters to be constant across roosts and time (w (.) p (.)). We also calculated estimates of w and p across roosts (each roost all 5 years combined; w (roost) p (roost)) and years (each year all 5 roosts combined; w (year) p (year)).
Using the weekly seasonal encounter file, we developed a set of a priori candidate models to address hypotheses about summer and winter survival. Models for w and p included constant survival (.), weekly variation (week), seasonal and yearly variation (season, year), and a group effect for roost (roost). Season was defined as summer or winter, and weekly encounters were constrained into 1 parameter over those time periods using program MARK design capabilities. Season and year models constrained each winter and summer as different (i.e., winter 2001-2002, summer 2002, winter 2002-2003, summer 2003, etc.) . Models for w included main effects, additive effects (i.e., roost + season), and interactive effects (i.e., roost * season). Models for p included main effects, additive effects of roost and season (roost + season), and interactive effects of roost and week (roost * week). We developed a total of 14 candidate models (Appendix I) and assessed their fit using techniques described above. We calculated an overall estimate of winter and summer ŵ wk across roosts and years (w (season) p (roost * week)). We also estimated winter and summer ŵ wk for each roost across years (w (roost + season) p (roost + season)).
We pooled data across roosts to test the hypothesis that foregoing breeding at 1 year old can influence future adult survival. Pooling was necessary because of restricted sample sizes (n 5 72) of bats caught in hand and examined for evidence of reproduction at 1 year old following techniques described by O'Shea et al. (2010) . We compared estimates and their 95% confidence intervals (95% CIs) to judge possible effects of 1st-year breeding rather than construct models for this sparse data set. We followed the method of Seber (1982) to estimate mean life expectancy after 1st marking as 21/ln ŵ and calculated 95% CIs based on the profile likelihood confidence intervals on survival provided by program MARK. We applied this estimate for known-age bats (based on capture when juveniles) beginning at age 1 year old.
Stage-based life-history matrix analysis.-We calculated population growth rates based on overall life-history parameter estimates from the 5 roosts monitored for 5 years. The goals of this analysis were to obtain a point estimate and 95% CI for the finite rate of population increase (i.e., l) and perform a sensitivity and elasticity analysis of l (Caswell 2001) . In building the life-history matrix we partitioned the bat population into 3 stages (Fig. 1) , juvenile ( j), yearling ( y), and adult (a), and expressed the annual cycle using a stage-class matrix with census after the birth pulse (Noon and Sauer 1992) : Here N represents number of females, t represents time (in years), F represents fecundity (i.e., annual per capita production of female offspring), and S represents annual survival. Indices on these variables indicate the stage of the population under consideration. Computation of l and evaluation of sensitivity and elasticity requires parameterization of the life-history matrix with expected values only (stage-specific estimates of female abundance [N] are not required). To parameterize fecundity we assumed the probability of producing a female juvenile was 0.5 (i.e., a 1:1 female to male sex ratio) and that mean litter size was the estimated value 1.107 (SE 5 0.029-O'Shea et al. 2010). We assumed that breeding probability, defined here as the probability a female is in breeding condition at age k given she survived to age k, was 0.64 (SE 5 0.09) for yearlings and 0.96 (SE 5 0.01) for adults (O'Shea et al. 2010 We assumed survival from yearling to adult to be the same as adult survival (i.e., S y 5 S a ; see ''Results'') estimated from the 5 roosts monitored for 5 years as described above.
The asymptotic growth rate of a population in a constant environment, which we assume here, is given by the dominant eigenvalue (l) of the life-history matrix (Caswell 2001) . We estimated a 95% CI for l using Monte Carlo simulations that incorporated sampling error in the estimates used to parameterize the life-history matrix. Specifically, random values from a known distribution were drawn for mean litter Noon and Sauer (1992) . S j 5 survival of juveniles to 1st year; S y 5 survival of yearlings; S a 5 survival of adults; F y 5 fecundity of bats as yearlings; F a 5 fecundity of adults 2 years old or older.
size (m), yearling breeding probability (Y y ), adult breeding probability (Y a ), juvenile survival (S j ), and yearling and adult survival (S y 5 S a ). These values were used to populate the lifehistory matrix, from which the value of l was computed numerically using the power method (Schneider 1987) . This process was repeated 50,000 times to yield a distribution of values for l from which the mean and SE for l were computed. The 95% CI for l was computed as l 6 1.96 * SE(l). The sensitivity of l to changes in lower-level parameters (x) of the life-history matrix, where one or more matrix entries are functions of x, is computed as Ll/Lx and represents the instantaneous rate of change in l with respect to the parameter of interest (Caswell 2001:218) . In this analysis derivatives at the expected values were estimated numerically to yield the sensitivity values. The elasticity of l with respect to lower-level parameters of the life-history matrix is computed as (x/l)(Ll/Lx) and represents the proportional change in l resulting from a proportional change in x. In general, the lower-level elasticities do not sum to 1, nor can they be interpreted as contributions to l (Caswell 2001) . We used the numerical derivatives from the sensitivity analysis to compute elasticity values.
For purposes of simulation we assumed m was a lognormally distributed random variable such that m i 5 exp(a + z i ), where exp(a) 5 1.107 and z , N(0, s z 2 ). To find the value of s z 2 that gave SE(m) < 0.029 we used the delta method to write an approximate expression for the variance of m in terms of the variance of z to get: V(m) < exp(2a)s z 2 (if m 5 exp(a + z), by the delta method:
because a is a constant V(a) 5 0 and because E[z] 5 0, this expression simplifies to exp(2a)V(z) 5 exp(2a)s z 2 ). Rearranging this algebraically and substituting (0.029) 2 for V(m) yields s z 2 < (0.029) 2 /exp(2a). For the parameters Y y , Y a , S j , and S a , which are probabilities, we assumed a logit-normal distribution for the parameters such that ln[h i /(1 2 h i )] 5 b + e i , where h is an arbitrary parameter from the list of 4 parameters above, [1 + exp(2b)]
21 5 the numerical value of the parameter of interest (e.g, 0.64 for the parameter Y y ), and e , N(0, s e 2 ). To find the value of s e 2 that gave SE(h) approximately equal to the desired value-for example, 0.09 for SE(Y y )-we once again used the delta method to write an approximate expression for the variance of h in terms of the variance of e to get:
Rearranging this algebraically and substituting SE(h) 2 for V(h) yields:
RESULTS
Annual and seasonal survival.-We tagged 2,968 female big brown bats in Fort Collins from 2001 to 2005. The overall estimate for annual survival of adult females at 5 roosts over the 5-year study period was 0.79 (95% CI 5 0.77-0.82; p 5 0.98, 95% CI 5 0.97-0.99; N 5 645; computed using model (w (.) p (.)). Annual adult survival varied by roost and year (Tables 1 and 2 ). The top model in the candidate set indicated survival varying by roost and year and encounter probabilities varying by roost (Appendix I). This model was nearly equivalent (evidence ratio of 1.2:1) to the 2nd highest ranking model, which differed from the top model only in that encounter probabilities varied by year. Remaining models were not competitive, although the next two highest ranking models also included survival varying by roost and year. Although survival varied among years, the ranking of estimates among roosts was identical each year (Fig. 2) .
Annual survival over the extreme drought year was lowest at every one of the 5 roosts monitored for the 5 years (Table 1 ; Fig. 2 ). Confidence intervals for estimated survival across all of these colonies showed no overlap between the drought year and the other 2 years but overlapped widely during both of the nondrought years (Table 1) . Confidence intervals for survival estimates at roosts within years showed least overlap between 
CR4 (97) the drought years and the prior and subsequent years and greatest overlap between the 2 nondrought years (Tables 1 and  2 ). Survival also varied by roost. In the 5-year data set 95% CIs for estimates at the 2 roosts with lowest survival did not overlap with those for the other 3 roosts across all years of study (Table 1 ). Survival at 3 additional roosts monitored for 4 years showed similar trends in comparisons of the drought year with survival the next year (Table 2) . Estimated survival at all 8 roosts monitored for 4-5 years ranged 7-17% lower (X 5 10.4% 6 2.9% SD, N 5 13 comparisons) than survival in the previous or subsequent year (Tables 1 and 2 Weekly survival during winter was higher than weekly survival during summer at each of 4 roosts monitored over all years combined, with no overlap in 95% CIs (Table 3 ). This trend was consistent for each roost in each year, with lowest weekly survival during the drought summer (2002) at each roost (Fig. 3) . Modeled across all roosts and years, weekly survival during winter (ŵ wk 5 0.998, 95% CI 5 0.997-0.998) was higher than during summer (ŵ wk 5 0.984, 95% CI 5 0.981-0.986). The top model in the candidate set included survival varying as a function of the additive effects of roost, season, and year, and p varying by the interactive effects of roost and week. This model had a weight of 0.99 and was nearly 10 DQAIC c units above the next highest ranking model (thus model averaging was unnecessary).
Estimated population growth rate, sensitivity, and elasticity.-Using the estimated survival from yearling to adult (S y ) and adult survival ( The dominant eigenvalue of this matrix (equivalent to l) is 1.096. Monte Carlo simulation of the life-history matrix incorporating parameter estimation uncertainty yielded an average l 5 1.096 and SE(l) 5 0.020, to give a 95% CI of 1.057-1.135. The smallest value observed for the 50,000 iterations was l 5 1.018. Thus, we conclude l . 1.0 for this population of bats. The life-history term with greatest elasticity and sensitivity was adult survival; fecundity of adults and survival of juveniles were of lesser importance and about equal in their effects, whereas changes in fecundity of 1st-year bats were least important (Table 4) .
DISCUSSION
Adult survival in this population of big brown bats could be typical for a growing population of temperate zone insectivorous bats. The overall estimate of adult survival was comparable to that calculated using similar analytical methods for an expanding population (due to provision of artificial roosts) of Plecotus auritus in England (0.78 6 0.04 SE-Boyd of Myotis yumanensis in California (annual estimates ranging from 0.72 to 0.88- Frick et al. 2007) . It is also comparable to (albeit more precise than) a survival estimate for a population of Pipistrellus pipistrellus in Germany (0.80 6 0.05-Sendor and Simon 2003) and within the 95% CI of adult survival estimates for Myotis capaccinii in Greece (Papadatou et al. 2009 ) and a growing phase of a population of Myotis lucifugus in New Hampshire (Frick et al. 2010) . The estimated survival for big brown bats in Colorado is higher and shows no overlap in 95% CI compared to estimates for endangered populations of Chalinolobus tuberculatus in New Zealand during declining phases related to high predator abundance (Pryde et al. 2005) . In contrast, adult survival estimates for a growing colony of Rhinolophus ferrumequinum in Switzerland are the highest known for temperate zone insectivorous bats (0.91, 95% CI 5 0.87-0.94), but this species is likely to be an outlier on the fast-slow continuum of bat life histories (Schaub et al. 2007) .
Adult survival in the big brown bat population varied by year and roost. The year effect corresponded to the extreme drought of 2002, when estimated survival across all roosts was lowest, and was consistently lower at each roost. Drought effects on population dynamics of temperate zone insectivorous bats have been discerned only recently. Drought also has been linked to reduced 1st-year survival in our study population, but not breeding probabilities (O'Shea et al. 2010) ; lower adult and 1st-year survival in M. yumanensis (Frick et al. 2007 ); reduced adult survival in M. lucifugus (Frick et al. 2010) ; and lower reproductive rates in 3 species of western Myotis (O'Shea et al. 2011) . In the aggregate these findings are of concern because projections from global climate change models indicate that much of western North America will experience greater drought in the future (Barnett et al. 2008; Seager et al. 2007) , indicating potential for regional declines in bat populations. A post hoc simulation substituting the survival and variance estimates from the single drought year (data pooled across roosts) in the population model yielded a population growth rate (l) of 0.97 (95% CI 5 0.89-1.05). Although mechanisms resulting in declines can vary, reductions in adult survival could be the more detrimental population response to increasing aridity (see below). The finding that roosts influenced adult survival also was of significance, particularly for planning future research. Inferences from studies that sample at just 1 or 2 colonies might not apply to the larger population of an area, with estimates from samples at 2 of the big brown bat roosts much lower than at others. Conclusions about population status at such roosts based on calculations of l would be that they were in decline, whereas conclusions drawn from the larger sample of multiple roosts indicate the opposite. A post hoc simulation substituting the survival and variance estimates from the roost with lowest survival (data pooled across years) in the population growth model yielded l 5 0.92 (95% CI 5 0.82-1.02). We are uncertain of the precise mechanism operating on survival at these 2 colonies, but domestic cats were seen stalking bats at emergence on multiple occasions at both of these roosts, which had lower emergence points making them more accessible to terrestrial predators. Height of emergence point is an important factor in selection of roosts in buildings by big brown bats at the study area ).
We found no evidence for lower survival of bats that reproduced as 1-year-olds in comparison with those that delayed reproduction. We suspect that these bats might have been born earlier in the previous summer and were thus in a more robust condition that allowed reproduction as 1-yearolds (as reported for M. lucifugus by Frick et al. [2010] ), with minimal cost to future survival. The finding of higher survival over the winter season is consistent with our hypothesis that for adults a greater likelihood of mortality exists during summer due to heightened susceptibility to predation, viral disease, accidents, and inclement weather (Sadler and Enright 1959; Speakman 1991; Zimmerman 1937 ). This also is consistent with findings from the other 2 studies that quantified overwinter adult survival in temperate zone insectivorous bats (Papadatou et al. 2009; Sendor and Simon 2003) . The mean life-span estimates calculated for big brown bats from adult survival estimates (6.65 years of age for 1-year-olds, mean expectation of life for all marked adults of 5.65 years) were much lower than maximum longevity records for this species (19 years-Hitchcock 1965) . Mean life-span estimates of big brown bats were nonetheless higher than for the 2 other species of temperate zone insectivorous bats for which comparable data are available; the ratio of average life expectancy to maximum longevity (0.30) was similar or higher than in these other 2 cases: 4.5 years versus 16 years in P. pipistrellus (0.28- Sendor and Simon 2003; Stebbings and Griffith 1986) and 2.3 years versus 16 years for N. leisleri (0.14- Schorcht et al. 2009; Stebbings and Griffith 1986) . Findings to date reinforce the general conclusion of population ecologists that maximum longevity records are not reliable statistics for understanding demographic processes in comparison with estimation of survival (Krementz et al. 1989) , although for bats longevity is illustrative of a suite of differences with other small mammals and is of interest in terms of the comparative biology of aging (Wilkinson and South 2002) .
The population growth model for the big brown bat population clearly illustrates the importance of adult survival in bat demography. In comparison with other life-history parameters, elasticity (proportional change in population growth in relation to change in the parameter-de Kroon et al. 2000) and sensitivity (absolute change) of population growth were highest for adult survival. This provides quantitative support to the contention that adult survival is the most important life-history trait for maintaining population growth in bats (Frick et al. 2007 (Frick et al. , 2010 Schorcht et al. 2009) . How do population growth rates and the relative elasticity of adult survival compare among bats and other mammals? Bats differ in these traits compared to other small mammals of similar size, for which parameters of recruitment drive population growth and elasticity is highest for juvenile survival and fecundity (Gaillard and Yoccoz 2003; Schorcht et al. 2009) . However, at the other extreme, adult survival rates in the growing population of big brown bats and other species of bats are not as high as in populations of wellstudied, long-lived large mammals unexploited by people. These typically range from 0.95 to 0.99 (Eberhardt 2002 ) and include species with maximum longevities (16-25 years) similar to those of bats (Eberhardt 2002; Wilkinson and South 2002) . In each of these species of large mammals adult survival also has the greatest influence on population growth rates (Eberhardt 2002) . The elasticity of our model to yearling fecundity is lowest, whereas elasticity of population growth to adult fecundity and juvenile survival are equivalent and intermediate in rank. In large mammals with high adult survival fecundity also ranks intermediate and juvenile survival lowest (Eberhardt 2002) ; elasticity of adult survival in large herbivorous mammals is often 3 times that of fecundity or juvenile survival (Gaillard et al. 2000) , as we observed for big brown bats. Growth rates in the populations of large mammals reviewed by Eberhardt (2002-including nonherbivores) have a range that encompasses the estimate for our big brown bat study population. Postweaning survival in the big brown bat population (0.67) was close to estimates for large herbivores (0.70, but with wide variation), which average 0.87 in adult survival over a range of natural and human influences (Gaillard et al. 2000) . However, some differences in life history between temperate zone insectivorous bats and large mammals are apparent, including somewhat lower ages at 1st reproduction and higher adult fecundity, and likely greater annual variation in adult survival, in bats (Eberhardt 2002; Frick et al. 2010; Gaillard et al. 2000; Schorcht et al. 2009 ). Long-term studies show that temporal variation due to factors such as environmental stochasticity or density dependence can add complexity and change the relative effects of various vital rates in the population dynamics of large mammals (Gaillard et al. 2000) . Clearly, additional research, focused on marked individuals over long periods, is required to achieve a full understanding of the demographic importance of variation in life-history parameters of temperate zone insectivorous bats. However, the evidence to date confirms several similarities to large mammals, especially the importance of adult survival to population growth.
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